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Introduction {#ehf212706-sec-0004}
============

Heart failure (HF) is a progressive syndrome that leads to the disability of the cardiac pump to warrant an efficient blood supply to the different organs and systems. This is a multifaceted condition that represents the leading cause of disability and mortality around the world. Researchers seek new treatments that can help to tailor therapy for different patients, and the quest is actively ongoing. The clinical variability mirrors a biochemical complexity, and the alterations of several signalling are the most critical targets for an effective amelioration of prognosis in patients with HF. Indeed, the failing cardiomyocyte is not only less responsive to the adrenergic stimulation, but it is also out of energy, with mitochondrial dysfunction leading to the impaired use of metabolic substrates for production of ATP,[^1^](#ehf212706-bib-0001){ref-type="ref"} increased ROS production, and altered calcium handling.[^2^](#ehf212706-bib-0002){ref-type="ref"}, [^3^](#ehf212706-bib-0003){ref-type="ref"}, [^4^](#ehf212706-bib-0004){ref-type="ref"} These hallmarks of HF involve alterations and participation of specific molecules that can be potentially targeted through pharmacological approaches, narrowing the molecular target to those proteins that have demonstrated to be at the same time functionally, biochemically, and energetically relevant.[^3^](#ehf212706-bib-0003){ref-type="ref"} This is the case for the G protein‐coupled receptor kinase 2 (GRK2), whose molecular complexity and mechanistic implications in HF are well demonstrated and documented.[^5^](#ehf212706-bib-0005){ref-type="ref"}, [^6^](#ehf212706-bib-0006){ref-type="ref"} Indeed, the increased levels of GRK2 during chronic HF promote the desensitization and down‐regulation of the β adrenergic receptor (βAR), induce cardiac insulin resistance, and reduce cardiac metabolic plasticity.[^7^](#ehf212706-bib-0007){ref-type="ref"} In particular, alterations of cardiac metabolism are an early marker of HF that anticipates the systolic dysfunction and ventricle remodelling.[^7^](#ehf212706-bib-0007){ref-type="ref"}

Furthermore, GRK2 localizes at mitochondria[^8^](#ehf212706-bib-0008){ref-type="ref"} where it seems, in the long run, to promote a pro‐death signal pathway.[^9^](#ehf212706-bib-0009){ref-type="ref"} Although previous literature shows the possibility to restore cardiac contractility by targeting GRK2 with different strategies, so far, no information is available as to the effects of GRK2 inhibition on cardiac metabolism and mitochondrial function in the failing heart. Targeting GRK2 has been earlier obtained by overexpression of carboxyl portion of GRK2 (also termed βARKct), a construct that interferes with GRK2 localization at the plasma membrane, with benefits on cardiac function in HF models in mice.[^10^](#ehf212706-bib-0010){ref-type="ref"}, [^11^](#ehf212706-bib-0011){ref-type="ref"} However, βARKct specificity to inhibit GRK2 has been questioned because this molecule also blocks βArrestins and βγ dependent signalling. βARKct also failed to deliver to the clinical scenario due to its size (≈200 amino acids) and its need for gene delivery tools to be expressed in target tissues. Screening libraries of pharmacological compounds[^12^](#ehf212706-bib-0012){ref-type="ref"}, [^13^](#ehf212706-bib-0013){ref-type="ref"} lead to the discovery that paroxetine is an effective GRK2 inhibitor.[^14^](#ehf212706-bib-0014){ref-type="ref"} Nevertheless, the need to be used in relatively high doses[^15^](#ehf212706-bib-0015){ref-type="ref"} and possibly elevating the risk of neurological complications has limited its use. Another class of heterocyclic compounds was developed by Takeda Pharmaceutical Company Ltd. that exhibited high selectivity for GRK2 but never tested in the setting of HF.[^16^](#ehf212706-bib-0016){ref-type="ref"}

Recently, we have provided evidence that short peptides derived from HJ loop of GRK2[^17^](#ehf212706-bib-0017){ref-type="ref"}, [^18^](#ehf212706-bib-0018){ref-type="ref"} are potent inhibitors of GRK2 and possess favourable metabolic effects in animal models of Type 2 diabetes[^19^](#ehf212706-bib-0019){ref-type="ref"} and insulin resistance.[^20^](#ehf212706-bib-0020){ref-type="ref"} In the present study, we evaluated the effects of systemic administration of an HJ based cyclic peptide 'C7\' on the cardiac metabolism and mitochondrial abnormalities observed in a mouse model of HF post‐myocardial infarction (post‐MI HF).

Methods {#ehf212706-sec-0005}
=======

GRK2 inhibitor {#ehf212706-sec-0006}
--------------

The GRK2 inhibitor 'C7\' and its inhibitory biochemical properties were previously described.[^17^](#ehf212706-bib-0017){ref-type="ref"} The peptide is solubilized in water to the final concentrations indicated. We evaluated (i) C7 selectivity and contractile response on cardiomyocytes isolated from transgenic mice with cardiac‐specific knockout of GRK2 gene (MHCcre GRK2fl/fl; GRK2‐cKO)[^20^](#ehf212706-bib-0020){ref-type="ref"} and GRK2 fl/fl (control); (ii) titration of C7 in healthy animals; (iii) effects of GRK2 inhibition by C7 in an animal model of post‐MI HF.

Experimental animals {#ehf212706-sec-0007}
--------------------

C57BL/6, MHCcre GRK2fl/fl, and GRK2fl/fl male mice (Jackson Laboratories, USA) weighing 25 ± 0.5 g, 12 weeks old, with conventional microbiological status, were used. Animals were kept in a controlled environment (12:12 h light/dark period; 23°C; 55--60% humidity; and free access to water and chow). Transgenic MHCcre GRK2fl/fl and GRK2fl/fl mice were obtained as follows: mice with cardiac overexpression of CRE recombinase (αMHC‐Cre, Jackson Laboratories) were bred with mice bearing GRK2 gene flanked by p‐lox sequences (GRK2 fl/fl) to generate cardiac GRK2‐deleted mice (GRK2‐cKO), initiated by the activation of the αMHC‐promoter. Genotyping of the animal was performed as previously described.[^21^](#ehf212706-bib-0021){ref-type="ref"}

Animals were acclimatized for at least 7 days before the experiments and surgery, which were approved and conducted in accordance with the *Guide for the Care and Use of Laboratory Animals* published by the US National Institutes of Health (NIH Publication No. 85‐23, revised 1985) and approved by the Italian Ministry of Health---DG on animal\'s wellness and veterinary drugs (\#674/2015‐PR). Animal studies are reported in compliance with the ARRIVE guidelines.[^22^](#ehf212706-bib-0022){ref-type="ref"}, [^23^](#ehf212706-bib-0023){ref-type="ref"}

Evaluation of C7 selectivity and contractile response on cardiomyocytes isolated from mice {#ehf212706-sec-0008}
------------------------------------------------------------------------------------------

Adult mice ventricular myocytes (AMVMs) were then isolated from *n* = 4, GRK2 fl/fl and MHCcre GRK2 fl/fl 12‐week‐old mouse hearts by a standard enzymatic digestion procedure using Langerdhoff system as described.[^7^](#ehf212706-bib-0007){ref-type="ref"} Myocyte contractility was evaluated after stimulation with the vehicle, isoproterenol (iso, 1 μM), C7 (1μM), and C7 plus iso, as described in detail in the [Supporting Information](#ehf212706-supitem-0001){ref-type="supplementary-material"}.

Evaluation of GRK2 inhibition by C7 in healthy animals {#ehf212706-sec-0009}
------------------------------------------------------

C57/Bl6 mice of the age of 12 weeks were randomly subjected to intraperitoneal (ip) injection of C7 at the dose of 2 mg/kg/100 μL or 4 mg/kg/100 μL (*n* = 6 per group) with or without ip injection of iso (10 ng). Cardiac dimensions and ejection fraction (EF) were evaluated in by cardiac ultrasounds (CUS) (Vevo 2100, Visualsonic) before injection and at 10′, 30′, 60′, and 90′. In another set of experiments, heart samples were collected at basal and 30′ post injection to measure cAMP production (*n* = 4 per group) as detailed in the [Supporting Information](#ehf212706-supitem-0001){ref-type="supplementary-material"}.

Evaluation of GRK2 inhibition by C7 in the animal model of heart failure post‐myocardial infarction {#ehf212706-sec-0010}
---------------------------------------------------------------------------------------------------

We used male C57/Bl6 mice at the age of 12 weeks. MI was induced as described previously using a model of cryo‐infarction that produces a highly reproducible loss of myocardium.[^24^](#ehf212706-bib-0024){ref-type="ref"}, [^25^](#ehf212706-bib-0025){ref-type="ref"} Adult male (25--30 g) mice were anaesthetised using a 2% isoflurane (v/v) oxygen mixture, and after ensured the absence of movement, flexor, and pedal reflex, the heart was exposed as previously described.[^26^](#ehf212706-bib-0026){ref-type="ref"} Correctly, the fourth intercostal space was exposed, and a small hole was made with a mosquito clamp to open the pleural membrane and pericardium. With the clamp slightly open, the heart was smoothly and gently 'popped out\' through the hole. Cryothermia was then applied to left ventricle anterior wall by use of a 6 mm^2^ cryoprobe for 15 s, leading to a highly reproducible myocardial damage[^24^](#ehf212706-bib-0024){ref-type="ref"} of the left ventricle anterior wall (Supporting Information, *Figure* [*S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} *A*). Sham animals were subjected to heart exposure without cryo‐injury. At 6 weeks after surgery, HF was confirmed by CUS, based on reduced EF (\<50%) and increased LVEDd (\>4.5 mm). HF mice were randomized to different treatment and through subcutaneous implantation of a micro‐osmotic pump (Alzet, mod 1004) received C7, 2 mg/kg/day or vehicle for 4 weeks (*n* = 12 per group). The dose of 2 mg/kg/day was defined according to the results in healthy mice. At the end of the treatment, mice were subjected to echocardiography and terminal haemodynamic. Heart samples were then collected for biochemical, metabolic, and histological assessment. Histological measurements and quantification were performed by three blinded investigators, to avoid any source of bias, as described in the legends. A complete description of methodologies is in the [Supporting Information](#ehf212706-supitem-0001){ref-type="supplementary-material"}.

Statistical analysis {#ehf212706-sec-0011}
--------------------

The results are expressed as mean ± SEM of independent experiments as indicated in figure legends. We used Prism 7 (GraphPad, USA) and SPSS 24 (IBM, USA) to perform statistical analysis using a *t*‐test, one‐way and two‐way ANOVA for comparisons among different time points or dosages and between experimental groups, as appropriate. *P* \< 0.05 was considered significant. When ANOVA demonstrated a significant effect, a Bonferroni *post hoc* test was performed.

Results {#ehf212706-sec-0012}
=======

Effects of GRK2 inhibition on isolated ventricular cardiomyocyte and in mice {#ehf212706-sec-0013}
----------------------------------------------------------------------------

To evaluate the specificity of the effects of C7 on cardiac cell contractility, we tested it on isolated AMVM from GRK2‐cKO and control mice. It is known that GRK2 regulates βAR signalling through the mechanism of desensitization and down‐regulation. βAR stimulation with ISO induces a rapid increase of FS% in both control and GRK2‐cKO AMVM. FS is significantly higher in AMVMs from GRK2‐cKO because of GRK2 gene removal (*Figure* [*1* *A*](#ehf212706-fig-0001){ref-type="fig"}). C7, similarly to ISO, prompts cardiac cell contractility and significant increases FS% in AMVM from control but not GRK2‐cKO mice (*Figure* [*1* *A*](#ehf212706-fig-0001){ref-type="fig"}). The GRK2 inh enhances iso effect on cell shortening in control AMVM, which is not present in GRK2‐cKO (*Figure* [*1* *A*](#ehf212706-fig-0001){ref-type="fig"}). Therefore, we tested C7 in healthy mice to assess the physiological consequences of GRK2 inhibition. As evaluated by CUS, C7 acutely produces a significant increase in the heart rate at 10 min post ip injection, accompanied by a reduction of left ventricle diastolic diameter (*Figure* [*1* *E*](#ehf212706-fig-0001){ref-type="fig"} *C--* [*1*](#ehf212706-fig-0001){ref-type="fig"}), in a dose‐dependent manner (2 mg/kg/100 μL and 4 mg/kg/100 μL). These effects disappear within 90 min post injection (*Figure* [*1* *F*](#ehf212706-fig-0001){ref-type="fig"} *C--* [*1*](#ehf212706-fig-0001){ref-type="fig"}) and heart rate, left ventricle diameter[,]{.ul} and EF to basal levels (*Figure* [*1* *E*](#ehf212706-fig-0001){ref-type="fig"} *C--* [*1*](#ehf212706-fig-0001){ref-type="fig"}). Iso, as expected, increases cardiac functions at 10 and 30 min post injection, returning at the resting condition within 90 min post injection. The injection of either doses of GRK2 inh (2 or 4 mg/kg) strongly enhance the effects of iso on the cardiac functions (*Figure* [*1* *C*](#ehf212706-fig-0001){ref-type="fig"} *--* [*1* *E*](#ehf212706-fig-0001){ref-type="fig"}). The positive inotropic and chronotropic effects of the GRK2 inh are paralleled by increased systolic pressure and cAMP production (Support[ing Information, *Figure S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} *B* and [*S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} *C*).

![The acute effects of GRK2 inh on isolated AMVM and in healthy mice. (A) FS (%) in AMVM challenged with the vehicle, iso (1 μM), GRK2 inh (1 μM), or both (*n* = 3 independent experiments). Iso produces a significant increase in FS% in both AMVMs from GRK2 fl/fl and MHCcre GRK2 fl/fl (^\*^ *P* \< 0.05 vs. vehicle) but more pronounced in MHCcre GRK2 fl/fl (^\*\*^ *P* \< 0.05 vs. GRK2 fl/fl). GRK2 inh induces a significant increase of FS% in AMVMs from GRK2 fl/fl (^!^ *P* \< 0.05 vs. vehicle) and enhances iso effect on cell shortening (^!!^ *P* \< 0.05 vs. iso alone). GRK2 inh does not exert any effects on cell shortening in MHCcre GRK2 fl/fl. AMVM, adult mice ventricular myocyte; FS, fractional shortening; Iso, isoproterenol; GRK2 inh, G protein‐coupled receptor kinase 2 inhibitor. (B--D) Mice subjected to a single ip injection of C7 (2 or 4 mg/kg/100 μL) with or without iso (*n* = 5 independent experiments). Cardiac functions evaluated by Ultrasound. GRK2 inhibition (2 and 4 mg/kg/100 μL) significantly increases heart rate, systolic function, and reduces LVDd at 10′ and 30′ with the return to baseline at 90′ post injection (^\*,\*\*^ *P* \< 0.05 vs. vehicle). Iso increases cardiac function (^!^ *P* \< 0.05 vs. vehicle). GRK2 inhibition (2 and 4 mg/kg/100 μL) enhances iso effects on cardiac functions (^!,!\*^ *P* \< 0.05 vs. iso).](EHF2-7-1571-g001){#ehf212706-fig-0001}

Cardiac volume and function are improved by GRK2 inhibitor cyclic peptide in mice with heart failure post‐myocardial infarction {#ehf212706-sec-0014}
-------------------------------------------------------------------------------------------------------------------------------

Based on the pharmacological data collected in healthy mice, we evaluated the effects of C7 in mice with post‐MI HF at the dose of 2 mg/kg/day (GRK2 inh). As shown in *Figure* [*2* *A*](#ehf212706-fig-0002){ref-type="fig"} and [*2*](#ehf212706-fig-0002){ref-type="fig"} *B* and Suppor[ting Information, *Table S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} and *Figure* [*1* *D*](#ehf212706-fig-0001){ref-type="fig"}, MI of the left ventricle anterior wall induces in 6 weeks induces statistically significant left ventricle dilation with the deterioration of systolic cardiac function. At this time point, we started continuous delivery of the C7 or vehicle for 4 weeks by intraperitoneal implantation of osmotic mini‐pumps. Higher HR at baseline characterizes post‐MI HF with reduced chronotropic reserve after ISO (*Figure* [*2* *C*](#ehf212706-fig-0002){ref-type="fig"}). C7 reduces resting HR and restores chronotropic reserve in response to ISO (*Figure* [*2* *C*](#ehf212706-fig-0002){ref-type="fig"}). C7‐treated but not sham‐treated post‐MI HF group shows a significant reduction of left ventricle dimension, amelioration of EF and of +dP/dT both at baseline and after stimulation with ISO (*Figure* [*2* *A*](#ehf212706-fig-0002){ref-type="fig"}, [*2* *B*](#ehf212706-fig-0002){ref-type="fig"}, and [*2* *D*](#ehf212706-fig-0002){ref-type="fig"}).

![Reduced cardiac dilation and improved function in post‐MI HF mice treated with GRK2 inhibitor. (A, B) Left ventricle diastolic diameter (LVDd) and EF measured by serial echocardiography (*n* = 12 per group). Induced MI led to a progressive increase of LVDd and reduced EF, becoming significant at 6 weeks post surgery (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor treatment arrests cardiac dilation and promotes amelioration of systolic cardiac function in HF (^!^ vs. post‐MI HF, *P* \< 0.05). (c--f) Functional response to acute iso infusion in vivo, illustrating heart rate, and ±dp/dt max response to graded concentrations of the catecholamine (*n* = 6, per group). HR is higher in post‐MI HF mice respect to sham at baseline (^\*^ vs. sham, *P* \< 0.05). No significant differences are evident between sham and HF groups treated with GRK2 inh at 2 mg/kg/day. +dp/dt values are reduced upon iso iv infusion with depressed diastolic function and increased left ventricle diastolic pressure in post‐MI HF (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor treatment improved cardiac contractility in mice with HF along with improved diastolic function and reduced left ventricle pressure (^!^ vs. post‐MI HF). EF, ejection fraction; HF, heart failure; Iso, isoproterenol; LVDd, left ventricle diastolic diameter; MI, myocardial Infarction; other abbreviations as in previous figures.](EHF2-7-1571-g002){#ehf212706-fig-0002}

Similarly, post‐MI HF group shows an altered diastolic function. Indeed, cardiac haemodynamic displays a blunted --dP/dT in HF group respect to sham. C7 substantially ameliorates left ventricle pressure variation after ISO in post‐MI HF (*Figure* [*2* *E*](#ehf212706-fig-0002){ref-type="fig"}). Accordingly, GRK2 inhibition with C7 reduced LV end‐diastolic pressure (*Figure* [*2* *F*](#ehf212706-fig-0002){ref-type="fig"}).

Effects of GRK2 inhibitor cyclic peptide on cardiac geometry, histology in failing hearts {#ehf212706-sec-0015}
-----------------------------------------------------------------------------------------

Post‐MI HF mice show eccentric cardiac hypertrophy (*Figure* [*3* *C*](#ehf212706-fig-0003){ref-type="fig"} *A--* [*3*](#ehf212706-fig-0003){ref-type="fig"}). C7 treatment reduces the cardiac size (*Figure* [*3* *A*](#ehf212706-fig-0003){ref-type="fig"} and [*3* *B*](#ehf212706-fig-0003){ref-type="fig"}) and corrects RWT (*Figure* [*3* *C*](#ehf212706-fig-0003){ref-type="fig"}). The results are confirmed by measurements of cardiac myocyte transverse sections (*Figure* [*3* *D*](#ehf212706-fig-0003){ref-type="fig"} and [*3* *E*](#ehf212706-fig-0003){ref-type="fig"}), showing that the C7 counteracted MI‐induced increase of myocyte cross‐sectional area.

![Reverse cardiac remodelling induced by the GRK2 inhibitor. (A--C) Cardiac Hypertrophy, left ventricle mass (LVm) corrected by tibia length and RWT were evaluated by HW/BW ratio and echocardiography (*n* = 12 per group). HW/BW and LVm increase in post‐MI HF treated with vehicle (^\*^ vs. sham, *P* \< 0.05) with a significant reduction in the group treated with the GRK2 inhibitor 2 mg/kg/day (^!^ vs. post‐MI HF, *P* \< 0.05). RWT decreases in HF group (^\*^ vs. sham, *P* \< 0.05) and normalized by treatment (^!^ vs. post‐MI HF, *P* \< 0.05). (D, E) Fluorescence‐tagged wheat germ agglutinin (*n* = 4 per group) shows increased cardiac myocyte cross‐sectional area in post‐MI HF mice (^\*^ vs. sham, *P* \< 0.05; magnification 9200, scale bar = 15 μm) with significant reduction with GRK2 inhibitor treatment (^!^ vs. post‐MI HF, *P* \< 0.05). Quantification was performed by three blinded investigators (D. S., A. F., and C. D. G.). (F, G) Masson\'s trichrome staining (*n* = 4 per group; magnification 9300, scale bar = 15 μm) also revealed an increase in interstitial fibrosis, quantified as described in Methods, in post‐MI HF group (^\*^ vs. sham, *P* \< 0.05; *n* = 3 per group) with a significant reduction induced by GRK2 inhibitor treatment (^!^ vs. post‐MI HF, *P* \< 0.05). Quantification was performed by three blinded investigators (D. S., A. F., and C. D. G.). HW/BW, heart weight/body weight; LVm, left ventricle mass; RWT, relative wall thickness; other abbreviations as in previous figures.](EHF2-7-1571-g003){#ehf212706-fig-0003}

We then evaluated the effects of the chronic administration of the peptide on cardiac collagen deposition by Masson trichrome staining (Support[ing Information, *Figure S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} *E*; *Figure* [*3* *F*](#ehf212706-fig-0003){ref-type="fig"} and [*3* *G*](#ehf212706-fig-0003){ref-type="fig"}). C7 markedly reverses the extensive collagen deposition observed in sham‐treated post‐MI HF animals.

GRK2 inhibition corrects aberrant mitochondria, cardiac lipid accumulation, defective mitogenesis, and ATP production during heart failure {#ehf212706-sec-0016}
------------------------------------------------------------------------------------------------------------------------------------------

Defective cardiac metabolism and mitochondrial dysfunction, with consequently reduced energy reserve, are hallmarks of HF[^7^](#ehf212706-bib-0007){ref-type="ref"}, [^27^](#ehf212706-bib-0027){ref-type="ref"}, [^28^](#ehf212706-bib-0028){ref-type="ref"} .

The physiological ultrastructural localization of cardiac fibres and mitochondria consisting in sarcomeres alternating with a row of intermyofibrillar mitochondria is disarranged in post‐MI HF hearts (*Figure* [*4* *D*](#ehf212706-fig-0004){ref-type="fig"} *A--* [*4*](#ehf212706-fig-0004){ref-type="fig"}). Also, mitochondrial abnormalities such as swelling and loss of mitochondrial cristae and matrix are observed (*Figure* [*4* *A*](#ehf212706-fig-0004){ref-type="fig"}, arrows). Increased lipid accumulation is a feature in our model of post‐MI HF (*Figure* [*4* *E*](#ehf212706-fig-0004){ref-type="fig"} and [*4* *F*](#ehf212706-fig-0004){ref-type="fig"}), as expected.[^27^](#ehf212706-bib-0027){ref-type="ref"} Accordingly, we report the up‐regulation of the critical cardiac lipid metabolism genes fatty acid synthase (fasn), stearoyl‐Coenzyme A desaturase 1 (scd1), and Resistin (rent) (*Figure* [*4* *G*](#ehf212706-fig-0004){ref-type="fig"}). Additional genes promoting mitochondrial biogenesis and adaptation to stress, like PGC1α, and oxidative capacity such as the electron transport proteins (ETC) are deeply compromised in post‐MI HF (*Figure* [*5* *C*](#ehf212706-fig-0005){ref-type="fig"} *A--* [*5*](#ehf212706-fig-0005){ref-type="fig"}), leading to a significant reduction of cardiac ATP content (*Figure* [*5* *D*](#ehf212706-fig-0005){ref-type="fig"}).

![Mitochondrial alteration and cardiac steatosis in mice with HF. (A--D) Representative transmission electron micrographs showing abnormalities in mitochondrial ultrastructure evident in post‐MI HF samples. Images show the disrupted mitochondrial structure with numerous breaks and loss of cristae structure and matrix in failing myocardium (pointed by arrows). The mitochondrial structure appears recovered by the GRK2 inhibitor in post‐MI HF. Mitochondrial morphometric analyses (scale bar = 1 μm) obtained quantification of mitochondrial abnormalities with evaluation of (B) mitochondrial area, (C) percentage of abnormal mitochondria, (D) cristae density (^\*^ vs. sham, *P* \< 0.05; ^!^ vs. post‐MI HF, *P* \< 0.05; ^\*\*^ vs. sham, *P* \< 0.05). Quantification was performed by three blinded investigators (D. S., A. F., and C. D. G.). (E, F) Representative images (magnification 9200, scale bar = 15 μm) and quantification of Oil Red O staining showing cardiac lipid overload in post‐MI HF samples (^\*^ vs. sham, *P* \< 0.05) with the significant reduction after treatment with C7 inhibitor (^!^ vs. post‐MI HF, *P* \< 0.05). Quantification was performed by three blinded investigators (D. S., A. F., and C. D. G.). (G) Gene expression analysis by RT‐PCR (*n* = 4) detects increased expression of lipid metabolism genes in hearts from post‐MI HF group (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor (2 mg/kg/day) significantly reduces genes expression levels in failing hearts (^!^ vs. post‐MI HF, *P* \< 0.05). Data are expressed as relative gene expression (vs. sham).](EHF2-7-1571-g004){#ehf212706-fig-0004}

![Cardiac metabolic and mitochondrial alterations in HF. (A--D) Regulators of mitogenesis and electron transport related genes measured by RT‐PCR. Defective expression of PGC1α, NRF1, MTFA, ETC complex can be observed in post‐MI HF group (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor (2 mg/kg/day) significantly improves genes expression levels in failing hearts (^!^ vs. post‐MI HF, *P* \< 0.05). Data are expressed as relative gene expression (vs. sham). (E) ATP production measured by luminescence assay. ATP content significantly reduced in post‐MI HF (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor treatment improves ATP levels during HF (^!^ vs. post‐MI HF, *P* \< 0.05). (E, F) Mitochondrial respiration. Mitochondrial state 3 respiration rates evaluated using succinate or pyruvate as substrates are significantly decreased in post‐MI HF versus sham (^\*^, *P* \< 0.05). GRK2 inhibitor peptide significantly recovers state 3 respiration rates in post‐MI HF animals (^!^ vs. post‐MI HF, *P* \< 0.05). ETC, electron transport chain; MTFA, mitochondrial transcription factor A; NRF1, nuclear respiratory factor; PGC1α, peroxisome proliferator‐activated receptor gamma coactivator 1‐alpha; RT‐PCR, real‐time‐polymerase chain reaction; other abbreviations as in previous figures.](EHF2-7-1571-g005){#ehf212706-fig-0005}

C7 significantly recovers mitochondrial morphology and association to cardiac fibres (*Figure* [*4* *D*](#ehf212706-fig-0004){ref-type="fig"} *A--* [*4*](#ehf212706-fig-0004){ref-type="fig"}), unloads cardiac fibres from lipid accumulation, and normalizes metabolic gene profile (*Figure* [*4* *G*](#ehf212706-fig-0004){ref-type="fig"} *E--* [*4*](#ehf212706-fig-0004){ref-type="fig"}). Moreover, it recovers the expression of mitochondrial biogenesis, ETC related genes, and ATP production in post‐MI HF (*Figure* [*5* *D*](#ehf212706-fig-0005){ref-type="fig"} *A--* [*5*](#ehf212706-fig-0005){ref-type="fig"}).

Because we measured a reduction in ATP content and an increase in disarranged mitochondrial mass, we measured mitochondrial respiration. Indeed, electron transport and ATP synthesis are tightly coupled, although a fraction of the energy generated by electron transport is usually uncoupled from ATP synthesis even in healthy cells,[^29^](#ehf212706-bib-0029){ref-type="ref"} and this might be increased in HF. Mitochondrial state 3 respiration rates, evaluated using succinate or pyruvate/malate as substrates, are significantly decreased in post‐MI HF animals when compared with control mice (*Figure* [*5* *E*](#ehf212706-fig-0005){ref-type="fig"} and [*5* *F*](#ehf212706-fig-0005){ref-type="fig"}). GRK2 inhibitor peptide significantly recovers state 3 respiration rates in post‐MI HF mice, while no effect is observed in the control group treated with C7. Similarly, oligomycin measured state 4 respiration and maximal FCCP‐stimulated respiration were reduced in post‐MI HF group compared with sham and significantly recovered after the treatment with GRK2 inhibitor peptide (Support[ing Information, *Figure S1*](#ehf212706-supitem-0001){ref-type="supplementary-material"} *E*). No effects on mitochondrial function was observed in the control group treated with GRK2 inhibitor peptide. As a consequence, cardiac mitochondrial coupling efficiency, assessed as the ratio of the two measures, is unchanged in the different groups (data not shown). Therefore, the loss in energetic efficiency appears to be due to a global reduction in mitochondrial respiratory chain quantity, rather than to an increased mitochondrial uncoupling. GRK2 inhibition restores this quantitative impairment.

Effects of GRK2 inhibition on βAR signalling {#ehf212706-sec-0017}
--------------------------------------------

Myocardial infarction heart failure hearts show impaired βAR signalling that is recovered by the C7 (*Figure* [*6* *A*](#ehf212706-fig-0006){ref-type="fig"}). Indeed, as described in *Figure* [*6* *B*](#ehf212706-fig-0006){ref-type="fig"}, both basal and ISO‐stimulated cAMP production is restored in C7 compared with sham‐treated post‐MI HF mice.

![Effects of GRK2 inhibition on βAR signalling. (A) βAR density measured by radioligand binding assay on isolated plasma membrane from heart samples. Samples from post‐MI HF display a decreased βAR density (^\*^ vs. sham, *P* \< 0.05) but restored by GRK2 inhibitor treatment at 2 mg/kg/day (^!^ vs. post‐MI HF). (B) cAMP content and production after iso stimulation (0.1 μM) evaluated on heart samples. Post‐MI HF has a decreased cAMP production at both baseline, and iso stimulated conditions (^\*^ vs. sham, *P* \< 0.05) but recovered in the presence of GRK2 inhibitor treatment (^!^ vs. post‐MI, *P* \< 0.05). (C, D) Kinase activity evaluated by Rhodopsin phosphorylation. Representative autoradiography image shows significantly increased rhodopsin phosphorylation in heart sample from post‐MI HF group (^\*^ vs. sham, *P* \< 0.05) with significant reduction when C7 is present (^!^ vs. post‐MI HF, *P* \< 0.05).](EHF2-7-1571-g006){#ehf212706-fig-0006}

Defective βAR signalling is tightly bound to GRK2 activity, which is known to be up‐regulated in HF.[^10^](#ehf212706-bib-0010){ref-type="ref"} We confirmed these results in whole hearts from post‐MI HF mice where GRK2 level ([Supporting Information, *Figure S2B* and *S2C*](#ehf212706-supitem-0001){ref-type="supplementary-material"}) and activity significantly increases (*Figure* [*6* *C*](#ehf212706-fig-0006){ref-type="fig"} and [*6* *D*](#ehf212706-fig-0006){ref-type="fig"}). GRK2 inhibitor peptide potently reduces kinase activity in HF as measured by rhodopsin assay (*Figure* [*6* *C*](#ehf212706-fig-0006){ref-type="fig"} and [*6* *D*](#ehf212706-fig-0006){ref-type="fig"}). It is known that GRK2 inhibition leads to a compensatory increase of other GRKs such as GRK5.[^30^](#ehf212706-bib-0030){ref-type="ref"} Interestingly, chronic treatment with C7 in sham increases GRK2 level but without enhancing the overall kinase activity.

Improvement of the systemic haemodynamic in post myocardial infarction heart failure mice induced by GRK2 inhibition {#ehf212706-sec-0018}
--------------------------------------------------------------------------------------------------------------------

In HF, as shown in *Figure* [*7* *A*](#ehf212706-fig-0007){ref-type="fig"} and [*7* *B*](#ehf212706-fig-0007){ref-type="fig"}, urine volume is reduced along with decreased urine Na/K ratio. Treatment with C7 restores Na/K ratio and increases urine volume in HF mice. The ameliorated haemodynamic (*Figure* [*7* *C*](#ehf212706-fig-0007){ref-type="fig"}) and increased Na excretion leads to reduced interstitial oedema as indicated by the reduced lung weight/body weight ratio in this group (*Figure* [*7* *D*](#ehf212706-fig-0007){ref-type="fig"}). Finally, C7 fosters the reduction of BNP and ANF mRNA cardiac levels and restores SERCA2a mRNA level (*Figure* [*7* *E*](#ehf212706-fig-0007){ref-type="fig"}). C7 does not increase urine volume and affect blood pressure in sham animal (*Figure* [*7* *C*](#ehf212706-fig-0007){ref-type="fig"} *A--* [*7*](#ehf212706-fig-0007){ref-type="fig"}). This last result underlines the difference between acute and chronic administration of C7.

![Improved systemic haemodynamic in mice with HF. (A, B) 24 h urine volume and Na/K ratio. Urine volume collected in 24 h is significantly reduced in animals with HF, with reduced Na/K ratio in the same sample (^\*^ vs. sham, *P* \< 0.05). GRK2 inhibitor treatment (2 mg/kg/day) increases both volume and Na/K ratio in urine collected after 24 h (^!^ vs. post‐MI HF). (C) Interstitial pulmonary oedema is measured by lung to body weight ratio. HF brought to a significant increase in lung weight (^\*^ vs. sham, *P* \< 0.05;) but reduced by the GRK2 inhibitor at 2 mg/kg/day (^!^ vs. post‐MI HF, *P* \< 0.05). (D) SP measured in conscious animals by the tail cuff. SP is reduced in post‐MI HF group in both diastolic and systolic values (^\*^ vs. sham, *P* \< 0.05) but recovered with treatment (^!^ vs. post‐MI HF, *P* \< 0.05). (E) SERCA2a, BNP, and ANF mRNA level measured by RT‐PCR on heart samples. HF is associated with decreased SERCA2a and increased BNP, ANF mRNA level (^\*^ vs. sham, *P* \< 0.05). The expression level of these is normalized by treatment with GRK2 inhibitor (^!^ vs. post‐MI HF, *P* \< 0.05). Significant modifications of SERCA2a and BNP level are also observed in sham animals undergone treatment (^\*\*^ vs. sham, *P* \< 0.05). Data are expressed as relative gene expression (vs. sham). ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; Na, sodium; K, potassium; SERCA2a, sarco/endoplasmic reticulum Ca^2+^‐ATPase; SP, systemic blood pressure.](EHF2-7-1571-g007){#ehf212706-fig-0007}

Discussion {#ehf212706-sec-0019}
==========

Our study demonstrates that a novel strategy for GRK2 inhibition based on HJ loop competition retains the known therapeutic effects in experimental HF. In particular, we demonstrate the amelioration of cardiac remodelling, contractility, and haemodynamics and extend the finding to metabolic and energetic phenotypes in failing mice.

The first purpose of our study was to finally demonstrate that C7 acts through means of GRK2 inhibition. The lack of effect of C7 in cardiac myocytes that do not express GRK2 due to selective genetic deletion clarifies this issue and allows us to consider C7 a selective GRK2 inhibitor.

Previous works, employing different strategies of GRK2 inhibition, demonstrated that the reducing the activity of this kinase is possible to restore myocardial function at biochemical and contractile level.[^31^](#ehf212706-bib-0031){ref-type="ref"} In the current work, we confirmed these results showing cardiac reverse remodelling, direct restoration of the β adrenergic signalling and, probably indirectly, of SERCA2a expression due to the global improvement of the cardiac functions.

However, the mechanisms of HF are manifold, and mitochondrial dysfunction appears to be an early mechanism that precedes systolic dysfunction [^32^](#ehf212706-bib-0032){ref-type="ref"} and increased GRK2 levels participate in this setup.[^7^](#ehf212706-bib-0007){ref-type="ref"}, [^33^](#ehf212706-bib-0033){ref-type="ref"} We show, for the first time, that GRK2 inhibition ameliorates mitochondrial biogenesis and cardiac ATP content. Indeed, our results demonstrate that mitogenesis and ATP production are strongly compromised in post‐MI HF mice and that GRK2 inhibitor peptide partially recovers these functions.

Previous studies on GRK2 inhibition in HF have only focused on cardiac contractility and βAR signalling, evidencing the ability to protect βARs to the same extent and even potentiating the effects of beta‐blockers,[^15^](#ehf212706-bib-0015){ref-type="ref"} but no effects on cardiac mitochondrial and energetic have been demonstrated so far. Now, we demonstrate that GRK2 inhibition works in a comprehensive manner in HF. Indeed, GRK2 is a critical modulator of metabolism,[^34^](#ehf212706-bib-0034){ref-type="ref"} and its up‐regulation in HF induces cardiac insulin resistance[^7^](#ehf212706-bib-0007){ref-type="ref"} and reduces free fatty acid utilization,[^33^](#ehf212706-bib-0033){ref-type="ref"} increases catecholamine secretion from the adrenal gland[^35^](#ehf212706-bib-0035){ref-type="ref"}, [^36^](#ehf212706-bib-0036){ref-type="ref"} and aldosterone level through ßArrestin1.[^37^](#ehf212706-bib-0037){ref-type="ref"} Therefore, GRK2 pharmacological inhibition might have positive effects on cardiac metabolism, as already observed in diabetes[^19^](#ehf212706-bib-0019){ref-type="ref"} and hypertension,[^20^](#ehf212706-bib-0020){ref-type="ref"} as well as systemic effects on other organs. Our results demonstrate that it is possible to pharmacologically target the metabolic alterations induced by GRK2 up‐regulation. Furthermore, we extend this notion to the observation that mitochondria aberrations can be corrected by inhibition of GRK2. Therefore, in adjunction to the expected effects on βAR signalling, GRK2 inhibition exerts also beneficial effects in mitochondria.

GRK2 is a ubiquitous molecule and can increase in chronic HF in several organs beyond the heart, which renders difficult to discern which cellular type is mostly evoked. Although no specifically designed, our study allows to compare some systemic effects of the chronic administration of GRK2 inhibitor peptide versus vehicle in sham animals. Collectively, our treatment appears specifically targeted for cardiac GRK2, where its inhibition improves cardiovascular function, haemodynamic state, and renal perfusion with increased diuresis.

Our data allow a distinction of the effects of GRK2 inhibition between acute and chronic administration, as well as between healthy and failing phenotypes. Acute administration of C7 leads to a rapid increase of cardiac rate and contractility, showing positive inotropism properties. Chronic infusion (2 mg/kg) in healthy mice, though, increases the levels of GRK2, suggesting that a physiological minimal activity of the kinase is indeed needed. Interestingly, the same dose chronically administered in the failing mouse produces normalization of exaggerated GRK2 levels and a beneficial effect on signalling. Collectively, these results support the very critical role of GRK2 to provide a shift between healthy and diseased phenotypes in the heart. Acting on this switch has the potentiality to be a pharmacological target.

Our data propose that chronic inhibition of GRK2 in the condition characterized by excessive GRK2 level and activity have protective effects on the mitochondria. Nevertheless, in different setup, like in the presence of acute distress, preserved GRK2 activity might be necessary to maintain normal mitochondrial health, through the regulation of mitochondrial dynamics.[^8^](#ehf212706-bib-0008){ref-type="ref"}

The impact of a GRK2 inhibitor on the human therapy for HF at the moment cannot be predicted. Some features of GRK2 inhibition make this therapeutic target unique. First of all, acutely, C7 in non‐failing cardiomyocytes is a direct positive inotrope. This is a peculiar feature in comparison with RAS inhibitors and to beta‐blockers, which, opposite, inhibit contractility. Second, chronic infusion of GRK2 inhibitors result in metabolic and biochemical changes that anticipate the positive effect on cardiac function. Positive inotropism and favourable metabolism are two mechanisms that could well complement with adrenergic beta‐blocker. Similarly, all the mechanisms of the RAS land on the amelioration of the angiotensin receptor signalling, a feature that could be easily anticipated by the inhibition of GRK2, which act as regulator also to the AT receptors. Furthermore, GRK2 inhibition could be an appropriate drug for those patients that cannot be treated with RAS inhibitors or beta‐blockers.

In conclusion, we provide the evidence that the HJ loop targeting of GRK2 through C7 is useful in an animal model of HF, and it represents a prototype of first‐in‐class drugs specifically able to modulate GRK2 activity. Moreover, our study is the first to demonstrate that a pharmacological strategy of GRK2 inhibition is active also on cardiac metabolism and substrate utilization, which are early affected during HF. Also, it brings further confirmation of GRK2 as a molecular target in HF.

Indeed, the ability of C7 to recover the expression of mitochondrial biogenesis, ETC related genes, ATP production, and mitochondrial function in post‐MI HF hearts could represent a promising direction that may soon yield effective treatments to restore myocardial function in HF.

Finally, our study reduces the distance for the GRK2 direct inhibition towards the use in humans, by providing an alternative tool to inhibit GRK2.

Study limitations {#ehf212706-sec-0020}
-----------------

This study focused mainly on the demonstration that C7 is effective in an experimental model of HF; however, further studies are needed to identify pharmacokinetic features. Indeed, the use of chronic constant infusion with the miniosmotic pumps does not allow any investigation of pharmacokinetics.

Given the complexity of the GRK2 interactome, it is most likely that C7 interferes also with other mechanisms of HF. Further investigation is warranted to clarify this issue.

Moreover, as a preclinical study, our compound needs to be also tested in a larger animal model of HF. Further work is also required to identify small molecules targeting the HJ loop of GRK2 with kinetic and dynamic properties to achieve easier delivery of GRK2 inhibition.
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**Table S1.** **Heart Rate and Cardiac ultrasound measurements in post MI mice.** Data are presented as mean ± SEM. Sham: Control group. Sham+GRK2 inh: Sham treated with GRK2 inh. Post‐MI HF: post MI group treated with vehicle. LVDd: Left Ventricle end Diastolic diameter. EF: Ejection Fraction (\* vs. Sham, *P* \< 0.05;! vs. post MI‐HF, P \< 0.05)**.**

**Fig 1. A.** Representative image of Myocardial infarction evaluated by staining (Evans Blue) and Echocardiography **B.** Systemic Blood pressure measured by tail cuff. GRK2 inhibition significantly increases blood pressure at 10′ and 30′ with the return to baseline at 90′ post injection (\* *P* \< 0.05 vs. vehicle). **C.** cAMP production evaluated at baseline and 30\'post C7 or vehicle injection on heart samples. GRK2 inhibitor significantly increases cAMP production at 30′ post injection. (\* P \< 0.05 vs. vehicle). **C.** Representative ultrasound images of cardiac dimensions pre and at 2, 6 and 10 weeks post surgery. **D‐E:** Masson\'s trichrome staining (n = 4 per group) on left ventricle cross section shows reduction of the infarct size in post‐MI HF treated with C7 (\* *P* \< 0,05, vs vehicle). Quantification was performed by three blinded investigators (DS, AF, CDG).

**Fig 2. A.** Oligomycin and maximal FCCP‐stimulated respiration are significantly reduced in in post MI‐HF group versus Sham (\* vs. Sham, *P* \< 0.05), and recovered after the treatment with GRK2 inhibitor peptide (! vs. post‐MI, *P* \< 0.05). **B‐C:** Western blots representative images (left panels) and densitometric analysis (right panels) of GRK2 levels in the whole lysate obtained from heart samples (n = 3 per group). GRK2 is increased during HF (\* vs Sham, *P* \< 0.05) with significant reduction of the GRK2 level was produced by treatment during HF (! vs post MI‐HF, ns). Sham animal treated with GRK2 inhibitor showed increased level of the kinase (\*\* vs Sham, P \< 0.05).

###### 

Click here for additional data file.
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